 The light responsiveness of mitochondrial function was investigated through changes in 27 mitochondrial composition and metabolism in rice shoots. 
peroxisomes from chloroplast-derived photorespiratory products, is the major substrate for 76 mitochondrial respiration in C3 plants (Arron & Edwards, 1980; Walker & Oliver, 1986; Lernmarket al., 1990; Padmasree et al., 2002) . While this switch between day/night or light/dark function is 78 linked to substrate availability, it is also regulated at the transcriptional and post-translational levels. 79
The expression of genes encoding mitochondrial glycine decarboxylase (GDC) subunits and serine 80 hydroxymethyltransferase (SHMT) in pea leaf has been shown to be highly up-regulated by light in 81 classical etiolated shoot greening experiments (Macherel et al., 1990; Turner et al., 1993) . This 82 effect is reportedly regulated by phytochrome-mediated transcriptional control of the promoters of 83 photorespiratory components (Turner et al., 1993; Tepperman et al., 2001) . Post-translationally, the 84 phosphorylation and inactivation of the mitochondrial pyruvate dehydrogenase complex PDC 85 occurs in light (Tovar-Mendez et al., 2003) , and an unknown post-translational inactivation of GDC 86 function occurs in darkness (Lee et al., 2010) .
Mitochondrial proteins associated with 87 photorespiratory glycine oxidation reactions are always found in highest abundance in 88 photosynthetic tissues and are much lower in abundance in etiolated tissues and in non-green 89 tissues (Sachlstrom & Ericson, 1984; Newton & Walbot, 1985; Remy et al., 1987; Lind et al., 1991; 90 des Francs-Small et al., 1992; Bardel et al., 2002; Lee et al., 2008 ; Lee et al., 2011) . 91
92
Most of what is currently known about plant mitochondria responses to light is derived from studies 93 of C3 dicotyledonous plants such as pea, potato, spinach and Arabidopsis. However, C3 Poaceae 94 represent a larger proportion of crops and the international focus on C4 engineering to decrease 95 photorespiration has more recently turned to work on these grasses, most notably wheat and rice 96 (Reynolds et al., 2012; von Caemmerer et al., 2012) . Early studies on the wheat mitochondrial 97 proteome response to light showed significant induction of GDC subunits in isolated mitochondria 98 (Rios et al., 1991) but this was before detailed studies of the specific proteins involved could be 99 performed. In rice, our previous analysis of biogenesis and heterogeneity of mitochondrial 100 proteome using available microarray data reveal that the transcripts for genes encodingmitochondrial photorespiration (GDC and SHMT) have selectively higher steady state levels in leaf 102 tissues (Huang et al., 2009) . However, analysis of the 52 genes in rice predicted to encode enzymes 103 involved in eight steps of the photorespiration pathway, including genes encoding mitochondrial 104 GDC and SHMT subunits, revealed that only one or two genes for each step had higher absolute 105 expression than that of other homologue genes in the same step in response to light, suggesting very 106 selective expression of particular photorespiratory genes in the light in rice (Jung et al., 2008) . It 107 was still largely unknown whether these transcriptional changes lead to changes in the abundance of 108 mitochondrial photorespiratory proteins, photorespiration rate or other changes in mitochondrial 109 function in rice. Previous proteomics studies on light response of etiolated rice leaves to light have 110 failed to identify changes in mitochondrial enzymes due to the low relative abundance of 111 mitochondria in whole leaf tissue for analysis (Komatsu et al., 1999; Yang et al., 2007) . The 112 induction of the photorespiratory apparatus in rice leaves in response to greening in the light is not 113 only a model for studying the initiation of photorespiration, but is also physiologically important 114 due to the practice of low light germination, transplantation, and greening of rice seedlings in the 115 field in many rice growing regions of the world (De Datta, 1981) . Even in case of direct sowing, 116 rice germinates in low light conditions in muddy paddy fields or underwater and then adapts to 117 higher light intensities when the seedling grows tall enough to reach air and full light intensity (De 118 Datta, 1981) . 119
120
To better understand the light responsiveness of the protein machinery in rice mitochondria, we 121 have investigated changes of metabolite profiles and mitochondrial proteome in 10-day-old 122 etiolated rice plants in response to two levels of white light intensity (LL, 100 µmol m -2 s -1 and HL, 123 700 µmol m -2 s -1 ) for 24 hours. Our data revealed that changes in mitochondrial metabolic 124 machinery in response to light correlate with decreased respiration rate and lowered free amino acid 125 content of leaves. Mitochondrial machinery for photorespiration was significantly but differentially6 6 induced by light which correlated with a higher photorespiratory capacity in LL than HL treated 127 plants, measured as the post-illumination burst in respiration. 128
129

Materials and Methods: 130
Growth of rice seedlings 131
Batches of 200 g of rice (Oryza sativa cv 'Amaroo') seeds were washed in 3% (v/v) bleach for 10 132 min and rinsed in distilled water. Plants were grown in the dark in vermiculite trays at a constant 133 temperature of 30 o C with humidity at 70% and ambient CO 2 (~390 ppm) , and watered daily. After 134 10 days of growth, the rice plants were exposed to light at an intensity of 100 (Low light, LL) and 135 700 (High light, HL) µmol m -2 s -1 for 24 hours. For the continuous light (CL) treatment, the rice 136 plants were grown at a light intensity of 100 µmol m -2 s -1 continuously for ten days. 137
138
Chlorophyll content measurement 139
Rice shoots (~200 mg) were ground on ice under low room light (~10 µmol m -2 s -1 ) and extracted 140 with 10 ml of 80% (v/v) acetone. The homogenate was centrifuged at 1500 x g for 2 minutes. The 141 supernatant was retained and pellet was re-extracted twice with 5 ml of 80% (v/v) acetone. All the 142 supernatants were then pooled together. The absorbance of each extract was measured at 663 nm 143 and 645 nm with a spectrophotometer. The concentrations of chlorophyll a, b and total chlorophyll 144 were calculated using Arnon's equations (Arnon, 1949) . 145
146
Photosynthesis and post-illumination burst measurements 147
Rates of photosynthesis and post-illumination respiratory burst were measured using a LI-6400 XT 148 infrared gas analyzer (Li-Cor). A ~2cm mid-leaf region of four leaves were laid side by side in a 6-149 cm 2 leaf chamber under conditions with relative humidity of 60-70%, temperature of 30 o C and 150 reference CO 2 concentration of 400 ppm. After leaves had acclimatised to chamber conditions, gas-151 exchange parameters were recorded across a series of light intensities (0, 50, 100, 300, 500, 700 and7 7 900 µmol m -2 s -1 ). CO 2 assimilation rate was recorded in four independent experiments. For the 153 post-illumination burst assays, four leaves were laid side by side in a 6-cm 2 chamber with light 154 intensity set to 1000 µmol m -2 s -1 , reference CO 2 concentration to 100 ppm, temperature of 30 o C 155 and relative humidity of 60-70%. CO 2 assimilation rate was monitored for 4 min before the light 156 intensity was switched to zero and CO 2 exudation rate was monitored for 4 min. Data was logged 157 every 2 s. Three independent biological replicates were conducted. 158
159
Tissue oxygen uptake measurements 160
Oxygen consumption of ~2cm mid-leaf regions of rice leaves with fresh weight of ~150 mg was 161 measured by a computer-controlled Clark-type O 2 electrode unit. In the sealed chamber, 162 measurements were conducted in 2 mL of air-saturated buffer composed of 5 mM KH 2 PO 4 , 10 mM 163 TES, 10 mM NaCl, and 2 mM MgSO 4 , pH 7.2. 164
165
Isolation of rice mitochondria and plastid using gradient centrifugation 166
Shoot mitochondria were isolated from shoots cooled to 4 o C using a method previously described 167 (Huang et al., 2009) . The purity of isolated mitochondria using this method was established as 168 >95% based on calculation of the ratio of contaminant protein peptides to total mitochondrial 169 protein peptides detected by non-gel based LC-MS/MS method (Huang et al., 2009) . 170
Approximately 100 g of shoot material was homogenized with a Polytron blender (Kinematica, 171
Kriens, Switzerland) in 300 ml of cold grinding medium (0.3 M sucrose, 25 mM tetrasodium 172 pyrophosphate, 1% (w/v) PVP-40, 2 mM EDTA, 10 mM KH 2 PO 4 , 1% (w/v) BSA, 20 mM ascorbic 173 acid, pH 7.5) for 10 s, twice, with 5-10 s intervals between bursts. The homogenate was filtered 174 through four layers of Miracloth and centrifuged at 1,500 x g for 5 min, and the resulting 175 supernatant was then centrifuged at 24,000 x g for 15 min. The organelle pellet was washed bygradients were then centrifuged at 40,000 x g for 45 min. The mitochondrial band was seen as a 180 yellow-brown band near the bottom of the tube. The upper layer contained crude plastid (see Figure  181 2). The chloroplast and mitochondrial band were collected. The chloroplast and mitochondrial 182 fractions were diluted 5-fold with sucrose wash buffer and centrifuged at 24,000 x g for 10 min. 183
The washed mitochondria fraction was further purified with a second Percoll density centrifugation 184 as described for the first gradient. The final mitochondrial band was collected and washed three 185 times by dilution and centrifugation. dimension, gels were run at 50 mA per gel for 6 h. Proteins were visualized on a Typhoon laser 199 scanner (GE Healthcare), and image comparison was performed using the DECYDER software 200 package (version 6.5; GE Healthcare). Three independent experiments were performed, and each of 201 the resulting three gel sets was first analyzed using differential in-gel analysis mode in DECYDER 202 prior to a comprehensive biological variance analysis including all three gel sets. Gel spots were 203 filtered according to their presence and average abundance ratio. Gel images were electronicallyoverlaid using ImageQuant TL software (GE Healthcare). Both DIGE and preparative gels were 205
Coomassie Brilliant Blue stained and destained for further mass spectrometry analysis. 206
Identification of spots using MALDI TOF/TOF 208
Peptides were analysed with an UltraFlex III MALDI-TOF/TOF mass spectrometer (Bruker 209 Daltonics) using a method as described previously (Li et al., 2012) . In-gel digested peptides were 210 reconstituted in 5 µl of 5% ACN (v/v), 0.1% (v/v) TFA. Two µl of each sample was spotted onto a 211 MTP 384 MALDI target plate and mixed with 2 µl of spotting matrix (90% ACN (v/v), 10% (v/v) 212 saturated α-cyano-4-hydroxycinnamic acid in TA90 solution (90% ACN, 0.01% TFA)). Dried 213 spots were overlaid with 10 µl of cold washing buffer (10 mM NH 4 H 2 PO 4 , 0.1% TFA) and allowed 214 to stand for 10 s before removal by pipette. The spots were analysed at 50-85% laser intensity with 215 up to 1200 shots for MS analysis per spot. Ions between 700 and 4000 m/z were selected for 216 MS/MS experiments using 3% additional laser power. Masses corresponding to trypsin autolysis 217 were excluded from analysis. Tandem mass spectrometry data were analysed using Biotools 218 (Bruker Daltonics) and an in-house Rice database comprising (Osa 5) from the Rice Genome 219 annotation project (http://rice.plantbiology.msu.edu/), using the Mascot search engine version 220 2.1.04 and utilizing error tolerances of ±1.2 Da for MS and ±0.6 Da for MS/MS; "Max Missed 221
Cleavages" set to 1; variable modifications of oxidation (Met), carbamidomethyl (Cys), and 222 deaminated (Asn and Gln). Only protein matches with more than two peptides and with ion scores 223 greater than 37 were used for analysis (p < 0.05). For all spots, both MS and MS/MS were analysed 224 for protein identifications. 225
226
Metabolite extraction and GC-MS analysis 227
Metabolites were extracted from snap frozen 10-day-old etiolated rice shoots grown in the dark, or 228 plants switched to 4 or 24 hours of LL or HL, according to a method adapted from that described by 229 analysed on an Agilent GC/MSD system (Agilent Technologies, http://www.home.agilent.com). 231
Raw GC-MS data pre-processing and statistical analysis were performed using METABOLOME-232 EXPRESS software (version 1.0, http://www.metabolome-express.org). Detailed methods are 233 provided in Carroll et al (Carroll et al., 2010) . 234
235
Results: 236
Responses of plant growth and shoot chlorophyll content to low and high light 237
Rice seedlings cultivated under light from seed yielded a maximum net photosynthetic rate of 11 238 µmol CO 2 m -2 s -1 at 900 µmol m -2 s -1 at 400 ppm CO 2 ( Figure 1A ). Light intensities of 700 µmol 239 m -2 s -1 and 100 µmol m -2 s -1 provided 90% and 30% of maximum photosynthetic rate, respectively 240 ( Figure 1A ) and present the low and high range of light intensities experienced by rice in field 241 measurements in different parts of the world (De Datta, 1981) . Etiolated rice plants propagated in 242 the dark for 10 days (D) were exposed to low white light (LL,100 µmol m -2 s -1 ) and high white light 243 (Table 1) . Consistent with 247 the visible difference in colour change after 24 hours of treatment, the total chlorophyll content in 248 HL treated shoots was 39% of that measured in LL treated shoots (Table 1) , indicating less Chl 249 synthesis under HL than that under LL. Chl a and b contents in HL treated shoots were 44% and 250 25% of that in LL treated shoots, respectively ( Table 1) . This indicated relatively less chlorophyll b 251 accumulation in rice shoots under the HL treatment. Consistent with these differences in Chl 252 content, we observed lower photosynthetic rate in HL than LL plants in light response curves and 253 also that higher light intensities yielded photoinhibition of CO 2 assimilation in LL plants compared 254 to plants grown in continuous light (CL) ( Figure 1C) . Steady state respiratory rates of this tissue in 255 the dark showed a 10% lower respiratory rate in the shoots of HL-treated plants ( Figure 1D ).
Responses of the rice shoot mitochondria proteome to the light 258
To investigate what changes in metabolic machinery were accompanying or were determining by 259 changes in photosynthetic and respiratory rate ( Figure 1C,D) , the mitochondrial and plastid 260 proteome of shoots transferred from dark to LL and HL were investigated. We isolated 261 mitochondria and plastids by centrifugation to yield crude organelle pellets followed by separation 262 using 0-4.4% PVP in self-forming Percoll gradients (Supplemental Figure 1A) . Consistent with the 263 changes of shoot colour and the chlorophyll contents, the upper band containing plastid from the LL 264 treated shoot samples was greener than from the HL treated shoot samples (Supplemental Figure  265 1A). We analysed the changes in the protein patterns from isolated mitochondria and plastids using 266 Table 2 ). These dramatic changes in protein pattern in the 274 rice shoot plastid induced by light are consistent with an earlier study of the rice plastidic proteome 275 in response to light (Kleffmann et al., 2007) and also whole etiolated rice leaf response to light 276 (Komatsu et al., 1999; Yang et al., 2007) . Table 3 ). Accumulation of GDC-P proteins was higher in LL treated shoots than that 288 in HL treated shoots, while the opposite pattern was observed in accumulation of SHMT 289 (Os03g52840) and GDC-T protein (Os04g53230) (Figure 2 , Table 3 ). This result suggests that 290 distinct mitochondrial components of the photorespiratory machinery might be differentially 291 regulated by light intensity. Surprisingly, we did not find any significant change in abundance of 292 GDC-H proteins (Os02g07410, Os10g31780) under either LL or HL conditions (Figure 2, Table  293 3), even though significant up-regulated expression of Os10g31780 by light has been previously 294 reported (Jung et al., 2008) . The finding that GDC-H proteins were not responsive to light in rice is 295 surprising given this subunits clear accumulation in other plants, such as Arabidopsis, pea and 296 wheat. In fact it has been one of the most intensively studied mitochondrial proteins induced by 297 light via a light-responsive promoter (Walker & Oliver, 1986; Macherel et al., 1990; Rios et al., 298 1991; Macherel et al., 1992; Turner et al., 1993; Oliver & Raman, 1995; Lee et al., 2010) . The 299 GDC-L protein is a subunit shared with the pyruvate dehydrogenase complex and 2-oxoglutarate 300 dehydrogenase complex of the TCA cycle (Bourguignon et al., 1996; Mooney et al., 2002) . In pea 301 a single gene exists and its product is found in all three complexes (Bourguignon et al., 1996) . In 302 Arabidopsis, only one of two GDC-L proteins is light-inducible, but both are found in all three 303 complexes (Lutziger & Oliver, 2001 ). We detected 4 distinct protein spots for GDC-L 304 (Os01g22520). Although they showed no response in LL, three of the four GDC-L spots decreased 305 in abundance in HL (Figure 2, Table 3 ), even though up-regulation of Os01g22520 transcript under were all decreased by HL treatment (Table 3) . A Similar pattern of change were evident for 320 proteins involved in branch chain amino acid catabolism such as isovaleryl-CoA dehydrogenase 321 (Os05g03480) and methylmalonate-semialdehyde dehydrogenase (Os07g09060) ( Table 3) . 322
Interestingly, no significant changes in those enzymes under LL treatment were observed with the 323 exception of gamma-aminobutyrate transaminase (Os04g52450) ( Table 3) . Several other 324 mitochondria proteins whose abundance changed in response to light were also detected. The heat 325 shock protein 70 kDa protein (Os09g31486) was significantly increased under HL treatment ( Table  326 3), and nucleoside diphosphate kinase III (Os05g51700) was also induced in a light-dependent 327 manner. Physical association of NDPK and heat shock proteins, and their co-induction by heat and 328 stress, have been reported in a range of plant species (Galvis et al., 2001) . Roles for NDPK in light 329 signalling in plants, fungi and insects have also been reported (Randazzo et al., 1991; Hasunuma et 330 al., 2003; Im et al., 2004; Yoshida & Hasunuma, 2006) . 331 metabolite pools altered by light, we measured metabolite profiles of rice shoots using GC-MS after 336 a transition from dark to 4 and 24 hours of LL or HL treatment (Supplemental Table 1 and Figure  337 3). After 4 hours light treatment, there was no major change in the profiles of major metabolites in 338 LL or HL treated shoots, with the exception of the significant accumulation of the mitochondrial 339 TCA cycle intermediate succinic acid (1.9-2.1 fold) and the amino acid hydroxyproline (1.48-1.52 340 fold) under both light conditions (Supplemental Table 1 ). The former is consistent with the 341 lowering of the SDH enzyme abundance observed under HL. We have previously observed that 342 limitation of SDH leads to rapid accumulation of succinate (Gleason et al., 2011) . Slight increases 343 in the abundance of specific carbohydrates, notably D-ribose, β-D-Fucose and cellobiose, were also 344 observed, but only following HL treatment (Supplemental Table 1 Table 1) . Generally, whole cell 348 abundance of organic acids that are also intermediates of the TCA cycle were significantly 349 increased in abundance by light treatment for 24 hours (Supplemental Table 1 ). Most notably, 350 succinic acid and isocitric acid increased by 1.6-2.6 fold under both LL and HL treatment (Figure  351 3). Increased synthesis of isocitrate and succinate from the peroxisomal glyoxylate and beta-352 oxidation pathways, and inability of the TCA cycle to fully utilise these extra substrate pools, is Table 1) . 357 the abundance of most of amino acids than HL treatment (Figure 3) . Interestingly, the branched 361 chain amino acids L-valine and L-isoleucine halved in abundance in HL treated shoots, but were 362 lowered to only 10% in LL treated shoots relative to etiolated shoots (Figure 3) . This correlates 363 with the lowered abundance of branched chain degradation enzymes in HL but not LL (Table 3 , 364 Figure 4) . Notably, glycine, the substrate for the induced glycine decarboxylase subunits, was one 365 of only a few amino acids that did not change in abundance in either LL or HL treatment (Figure 3,  366 Supplemental Table 1 ), in contrast to the large depletion of many of the other amino acids. 367 368
Response of photo-respiration to light intensity treatment 369
To determine whether there are biological consequences of the light treatments on photo-370 respiration, we measured the post-illumination burst (PIB) using IRGA, in LL, HL and CL treated 371 plants. Immediately following the switch to darkness, HL treated leaves assumed a steady state 372 respiration rate in the dark that was maintained over 4 min ( Figure 4A ). This contrasts with LL 373 treated leaves, where the shift to darkness elicited a sharp pulse of CO 2 release in the first 20 s, 374 before respiration rate settled to a steady state ( Figure 4A ). This post-illumination burst (PIB) 375
indicates an at least four-fold higher rapid respiratory oxidation of glycine following the shift to the 376 dark ( Figure 4B) , which rapidly dissipates, despite the same steady-state abundance of glycine in 377 the light in both HL and LL shoots (Figure 3) . A similar PIB was also recorded in continuous light 378 growth plants, indicating a robust photorespiratory rate could be initiated in 24 h by LL but not by 379 HL treatment of etiolated rice shoots ( Figure 4B) . 380 381
Discussion: 382
We have previously analysed the biogenesis and heterogeneity of rice mitochondrial proteome 383 using available microarray data and revealed that the transcripts for genes encoding rice 384 mitochondrial photorespiration (GDC and SHMT) have selectively higher steady state levels in leaf 385 tissues (Huang et al., 2009) , much like those in various dicot species (Walker & Oliver, 1986; 1995; Lee et al., 2010) . In this study, we directly investigated changes of mitochondrial proteome 388 and metabolite profiles in 10-day-old etiolated rice plants in response to two levels of white light 389 intensity (100 and 700 µmol m -2 s -1 ) for 24 h, representing the low and high range of light intensities 390 experienced in rice fields (De Datta, 1981) . Our findings suggest that mitochondrial composition in 391 etiolated shoots respond differently to LL and HL, with some responses more pronounced under HL 392 and others more evident under LL. Interestingly, chloroplast proteome development, Chl content 393 and the initiation of photosynthesis all showed a greater response to LL than HL. The majority of 394 the variation in the plant mitochondrial proteome in response to light occurred in proteins involved 395 in the mitochondrial photorespiratory machinery, the TCA cycle, amino acid, and branch chain 396 amino acid metabolism. Two notable differences other than this major C/N machinery were the 397 light-dependent increases in HSP70 and NDPKIII. We observed significant changes in metabolite 398 levels in response to light, dominated by the general decrease in amino acid content and increase of 399 organic acid content. 400
401
NDPKIII in rice 402
Mitochondrial nucleoside diphosphate kinase (NDPK) was increased under both low and high light 403 conditions ( Table 3) . In Arabidopsis, mitochondrial NDPKIII is reported to be dual-targeted to 404 chloroplast based on green fluorescent protein localisation and western bolt experiments 405 (Hammargren et al., 2007) . In rice, NDPKIII is exclusively mitochondrial targeted, while NDPKII 406 is targeted to plastids (Kihara et al., 2011) .
Enzymatically NDPK is involved in nucleotide 407 conversion (classically ATP + GDP → ADP + GTP), and a role for mitochondrial NDPK in 408 phosphor transfer within nucleotide pools is often discussed (Johansson et al., 2004) . However, 409
NDPKs are more widely involved in signalling processes in a number of species, notably in light 410 signalling; through phytochrome-mediated processes in plants (Im et al., 2004) or via singlet (Randazzo et al., 1991) . Knowledge of NDPK binding partners in plant mitochondria is very 414 limited, the only report is NDPK interaction with a 86 kDa heat shock protein in pea during heat 415 stress (Galvis et al., 2001) . In mammals, succinyl-CoA-ligase is a binding partner for NDPK in 416 mitochondria (Kowluru et al., 2002) and two mitochondrial S-CoA-L proteins (Os07g38970, 417 Os02g40830) were decreased in abundance in response to light in rice ( Table 3) . However if 418 NDPKIII in rice is in the intermembrane space as it is in Arabidopsis, pea and yeast (but not in 419 mammals), then NDPK and succinyl-CoA ligase proteins will not be able to interact in vivo. 420
421
TCA cycle, amino acid and organic acid metabolism 422
We observed an apparent reduction of TCA cycle metabolism in response to light treatments, as 423 supported by accumulation of TCA cycle substrates and reduction in abundance of TCA cycle 424 related enzymes, especially under HL treatment (Figure 2, Figure 3) . These results were consistent 425 with previous studies showing the rate of TCA cycle-linked mitochondrial respiration in the light is 426 lower than in darkness (Kromer et al., 1993; Atkin et al., 1998; Griffin et al., 2001; Tcherkez et al., 427 2005; Tcherkez et al., 2008) . Our results support the proposition by Tcherkez et al (Tcherkez et al., 2008) 428 in leaves of Xanthium strumarium that the decrease focuses on the early and middle steps of the 429 TCA cycle. In Arabidopsis shoots, similar decrease in the abundance of enzymes in the early and 430 middle steps of the TCA cycle occurred by analysis of diurnal changes in mitochondrial function 431 (Lee et al., 2010) . Protein abundance of mitochondrial enzymes involved in amino acid and branch 432 chain metabolism in rice were also decreased by light (Table 3) , which was in general agreement 433 with diurnal changes in Arabidopsis mitochondrial amino acid metabolism (Lee et al., 2010) . 434
Given the sophisticated pathways of amino acid synthesis and degradation in plant cells, such 435 reduction in mitochondrial amino acid metabolism could contribute to the changes of amino acidto the light. Such development is delayed by HL treatment compared to LL treatment, as indicated 439 by Chl content, and correlates with the larger residual amino acid content in HL treated shoots than 440 LL treated shoots (Table 1, Figure 3 ). Our analysis of Chl content in plants subjected to different 441 light intensities is also consistent with the report that higher light treatment can lower Chl content, 442 even though maximal growth occurs in higher light regimes (Fu et al., 2011) , and that shade species 443 maintain higher Chl content in order to maximise light use efficiency (Boardman, 1977) . 444
445
Photorespiration in rice 446
Glycine is one of relatively few amino acids in etiolated rice shoot that was not decreased in 447 abundance by light (Figure 3) . Mitochondrial proteins involved in glycine metabolism, such as 448 GDC subunits and SHMT, were significantly increased in abundance (Table 3, Figure 3) . The 449 induction of glycine-dependent photorespiration proteins by light is widely reported in other plant 450 species such as Arabidopsis, pea and wheat (Rios et al., 1991; Rogers et al., 1991; Lee et al., 2010) . 451
However, the abundance of GDC-H proteins under both light conditions studied here were 452 unchanged ( Table 3, Figure 2 ), which is in contrast to the common observation of light-induced 453
GDC H proteins in other plant species (Rios et al., 1991). The transcript for GDC-H (Os10g31780) 454
is also reported to respond to light in rice (Jung et al., 2008) , so it is possible that this GDC-H 455 protein might be regulated at the post-transcriptional/-translational level or via protein degradation. 456
Previously, light was reported to induce similar gene expression patterns of GDC subunits and 457 photosynthetic genes such as Rubisco small subunit RbsS, but GDC translation was clearly delayed 458 compared to Rubisco (Oliver & Raman, 1995; Vauclare et al., 1996) . GDC is also known to be 459 susceptible to oxidative damage by ROS in mitochondria (Douce et al., 2001) and GDC-H protein 460 lipoic acid is targeted by lipid peroxides which could make GDC-H a target for degradation in 461 mitochondria (Taylor et al., 2002) . Under sudden HL treatment, rice mitochondria may be under 462 enhanced light stress, as indicated by induction of heat shock protein 70 (Os09g31486). GDC-Hwhich is known to contain cysteine residues sensitive to damage, was reduced in abundance under 465 HL ( Table 3) . The decrease in GDC-L subunit under HL might explain, at least in part, why there 466 is no apparent photorespiration rate in these HL-exposed shoots. Unlike pyruvate dehydrogenase 467 complex and 2-oxoglutarate dehydrogenase complex of the TCA cycle that form large complexes 468 with strict stoichiometry (Mooney et al., 2002) , GDC forms transient interactions across of network 469 of subunits to facilitate the oxidation of glycine to serine (Douce et al., 2001) . The changes in GDC 470 stoichiometry observed here, coupled to large differences in photorespiratory rate (Figure 4) , 471 highlight the mitochondrial rate limiting components contributing to photorespiratory capacity. 472
473
In conclusion, our data show light-induced changes in the etiolated rice shoot led to a shift in its 474 mitochondrial metabolic machinery from the TCA cycle, amino acid related metabolism to 475 photorespiration-related metabolism. The unexpected lack of light-induction of GDC-H and -L 476 subunit proteins in rice shoots mitochondria warrants further attention to understand the mechanism 477 behind this phenomenon and its implications for photorespiratory development in light-exposed rice The numbered white arrows indicate protein spots with statistically significantly changes in 739 abundance (n=3. p<0.05). The numbered yellow arrows indicated GDC H subunits that did not 740 significant change in abundance but were selected for analysis. Evidence for protein identification growth is described in Figure 1 . CO 2 assimilation rate was measured using LI-6400 XT infrared gas 784 analyzer (Li-Cor) with light intensity of 1000 µmol m -2 s -1 , CO 2 at 100 ppm and temperature at 785 
